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Section I. Introduction

This volume contains documentation of the computer program written
under contract NAS5-9195. The program determines the attitude of an orbiting
vehicle using a Kalman filter according to the analysis performed in Volume I
of this report.

The program is written in FORTRAN IV with subroutines in FORTRAN
and MAP, It is written for an IBM 7094 and has been successfully run on the
Moonlight System at NASA, The naming of variables follows FORTRAN II con-
ventions as to fixed and floating point names with most floating point
variables being typed double precision. One large main program with a few
small subroutines was originally intended but, due to compiler limitations,
the creation of several other subroutines was necessary.

In addition to a description of the program and its usage, Volume II
also contains a sample set of input data and a portion of the results generated

from this data.
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Section 1I., Description of Routines
A, MAIN PROGRAM: JF

The main program performs the majority of the work required by the
analysis. After the data is read-in and all necessary initialization is done,
the initial values of the dependent variables are calculated.

The integration loop is then entered. The derivatives are calculated
in BOX A (see part Bof this section)j the integration is performed by sub-
routine DICE and the results of the integration are used in the Kalman filter
logic in BOX C, followed by the periodic and instrument readouts.

When the required number of iterations have been performed, the

program begins to process the next case.
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B. SUBROUTINE DICE (P,T,TP,El,E2,N,Y,DY,F,L,INDEX,I)

PURPOSE:

DICE is a double precision routine designed to be used in conjunction
with an integration subroutine (DINTEG) to provide a numerical solu-

tion of an Nth order system of linear and/or non-linear differential

equations expressed as a system of N first order equations:

*

Yn= fn (t, Y ] Yz, ooo.oan) Yn (to) =Yn,°; n=l, 2, 3’ -uo-cN

where Yn are the N dependent variables and t is the independent
variable. The local error generated by the numerical process is
controlled by adjusting the integration step size based on the

relative error as estimated by extrapolation to zero step size.

The basic method of the DICE routine can be summarized as follows:

1. Use initial conditions for the N dependent variables as solutions
at v =t and adopt the maximum step size permissible,

2. Perform the computation (integration subroutine) to find the
single step solution for the new value of the independent
variable, t.

3. Halve the integration step size.

L. Solve the problem again (integration subroutine) from the last
convergent point using two applications of the reduced step sise.

5. Compute an extrapolated solution making use of both solutions.

6. Compare the two-step solution with the extrapolated solution.

7. If the two solutions are sufficiently close, the procedure is
continued using the extrapolated solution as initial values at
the updated time t.
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8. If the two solutions are not sufficiently close, the reduced
step size is again halved and the procedure restarted from
step 4 using the conditions at the last convergent point.

9. If the two solutions agree too closely then the basic step is
doubled and the procedure restarted at step 1 using the extra-
polated solution at the new value of the independent variable.

The above briefly describes the method; however, additional details are given
below,

The superscripts (I) and (II) refer to the one-step and two-step

approximations respectively. The subscript i + 1 refers to the solution at

the new value of the independent variable, i referring to the old value. h =
t'1+l'ti is the step size. The one-step approximation is found by the method

in the integration subroutine. The two-step approximation is found by halving
the step sise and computing a one-step approximation at timé t, + h/2. This
approximation is then used as the starting point for another one-step approxima-
tion again using the halved value of step size. This two-step approximation
then can be thought of as two one-step approximations.

The procedure used to automatically control the error is as follows:

1. Ap error estimate for each of the N dependent variables using extrapolation

to zero step size is exrressed as:

(11) (1)
Y -Y
n,i+l n, i+
E ,i+tl =
n ZA -1

where A is the order of integration.
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These values of En 41 are added to the two-step results to obtain the
3
extrapolated solutions:

(11)

Yyidl = nyie t

En,i+l

A relative error term is next defined and computed for each variable:
Rn,i+l = n,itl
n,itl

The maximum relative error (Rn ) is designated E and is tested against

, i+l max

two bounds El and E2, El is to keep the integration step size from re-
maining too small and E2 is used to keep the interval from becoming too
large. The program then halves the interval and repeate the step, con-
tinues at the same interval, or continues at twice the interval.

The subscript n of the maximum relative error is recorded in INDEX, an

argument of the calling sequence, and if printed out, can be helpful in

locating the trouble point in cases of non-convergence.

The arguments in the calling sequence are defined as:

P - maximum allowable step size.

T - independent variable.
TP - value of independent variable at which DICE will provide entry to BOXC.
El - lower error bound for controlling step size.
E2 - upper error bound for controlling step size.

N - number of dependent vaiiables expressed as a fixed point variable or
constant.,

Y - first dependent variable followed by the remaining N-1 dependent
variables (must be dimensioned).

DY - derivative of first dependent variable followed by the remaining N-1

derivatives in the same order as the corresponding dependent variables
(must be dimensioned) .
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F - the first cell of at least 7N cells required by VICE for storage

(must be dimensioned).
L - a fixed point variable controlled by DICE to exit to the proper

section of the program calling DICE.

INDEX - records the subscript of the variable having the greatest relative

error.
I - order of integration (2, 3, or 4).
BOXA - statement number for derivative computations.
BOXB - statement number for supplementry computations after valid integration

step. Checks for end-of-case based on conditions of dependent variables

should be done in BOXB.
BOXC - statement number for print routine.
BOXD -~ statement number for non-convergence.
A1l floating point arguments are double precision.

The basic setup necessary to use the routine is as follows:

-
-

L=4
S CALL DICE(P, . . . . .,I)
GO TO(BOXA,BOXB,BOXC,BOXD),L

BOZA Evaluate N derivatives
GO TO S

BOXB Perform any necessary calculations after a valid integration step
GO TO 8

II-5



BOXC

BOXD

Print normal output

TP = TR+P

GO TO S

Dump or check print to determine reason for non-convergence
GO TO next case

This is a standard Westinghouse routine which has been used

locally for several years.
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C. SUBROUTINE DINTEG (T, DT, N, Y, DY, F, J, I)

PURPOSE: DINTEG is a double precision routine designed to be used in conjunc-
tion with DICE to provide a second, third, or fourth order Runge-
Kutta solution of an Nth order system of linear and/or non-linear
differential equations expressed as a system of N first order

equations,

The basic method of the DINTEG routine can be summarized as follows:
Given the initial conditions of the N dependent variables at time ti’ and their
derivatives at time ti, this routine will calculate a one-step approximation
for each of the N dependent variables at time ti + h, where h is the step size.

Given the function

o= (G, ¥, Yy oY)

and the initial values

by Yl,i; Y2,i; YB,i; e s e s s e e 'Yn,i)

then a second order Runge-Kutta solution gives a one-step approximation of:

Yn,i+1 - Yn,i M l/2(Ko,n + Kl,n)

where:

K
o,n

n

The third order Runge-Kutta solution gives an approximation of:

Yn,i+1 = Yn,i +1/6 (Ko,n + LKl,n M K2,n)

he (t 11, Y2,15 e e e Yn,i)

hf_ (tiﬂ, Y, '+Ko,13 Y2,i+Ko,2; T § i+Ko,n)

where:
Kon = 0E (s Ty 45 Yo g5 o0 v v oo 5T 4)

)0

Kl,nghfn (ti+hﬁ; Yl’i+1/2 KO,l’ tesee} I i+lﬁ
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Kz,n = hf (ti + h; Yl,i + 21(1,1 - Ko’l; Y2,'1+ A(l’z - Ko’z; coee}

Y . +X. _-K )

and the fourth order Runge-Kutta solution gives a one-step approximation of:

Yn,i+l = Yn’i + 1/6 (Ko,n + 21{1’n + zcz’n + KB’n)
where
Ky, n = BEy (ty3 1 13 2’1; Cevreen} Yn,i)
Kl’n = hf_ (t1+h/2, Yl,i + 1/2KO’1; Yz’i + 1/21(0,2; RS § n,i l/d(o n
Ky o = bty (tﬁh/z, it 1/21(1,1; Tt 1/2!(1,2; .....;Yn,i+l/2Kl’n)
Ky =0y (bygps Yy 4 F K2,15 Yo g ¥ Ky ceees Ky K )

The arguments of the calling sequence are defined as:
T - independent variable - controlled by DINTEG
DT - step size - controlled by calling program
N - number of dependent variables
Y -~ dependent variables
DY - derivative of dependent variables
F - storage cells used by DICE and DINTEG (must be dimensioned)

J - fixed point variable controlled by DICE to enter proper section
of DINTEG

I - order of integration (2, 3, or 4)
This is a standard Westinghouse routine which has been used locally

for several years, In this program it is called exclusively by DICE,
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D. FUNCTION RANNUM (SIGMA, XMEAN,I)

PURPOSE:

To produce a normally distributed random number.

A set of such

numbers has the characteristics of a set of normally distributed

random numbers with a given mean and standard deviation.

A uniformly distributed number Uj in the interval (0,1) is generated

by UDRNRT.

The normally distributed number, X , having a mean (m)

and standard deviation (¢~) is computed by the routine as follows:

v, =4/-2 Loge .5 (1-11-2v;))
a,+ @, V;+a, Vs
X = -
n M+T[i (U, .S)(V 1+ b6Vi+b,V, +1> >j
where ao = 2,515517 bl = 1.432788
a'l= .802853 b2= .189269
2= .010328 b3 = ,001308

The calling sequence is

XN = RANNUM (SIGMA, XMEAN,I)

where SIGMA is the standard deviation (floating point),

XMEAN is the mean of the sample (floating point),

I is the initial random number as a fixed point odd integer and

XN is the normally distributed random number,

This is a standard Westinghouse routine which has been used locally

for several years,
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E. FUNCTION UDRNRT (I)

PURPOSE:

To produce a random number uniformly distributed in the interval

(0,1) having a period of 233

The routine is given a starter, I, from which it computes a
uniformly distributed random number, Uj’ in the interval (0,1)
as follows:

535 13
=MI, M=
Ij IJ_1 (mod 2 ) where 5

Then U, = I /27
iT

The calling sequence is
UJ = UDRNRT(I) where
I is the initial random number as a fixed point odd integer and
UJ is the uniformly distributed random number (floating point)

This is a standard Westinghouse routine which has been used locally

for several years.
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F. FUNCTION ECCAN (EMM,E)

PURPOSE: To compute eccentric anomaly

The function subroutine ECCAN solves Kepler's equation
EA = EMM + E sin EA as follows:

E°=M+EsinEIM(l+EcosM) (1)

AE=BM - E +EsinE_ (2)
1-:1‘;AcosEc>

E, =E +AE (3)

If E_and K agree to within .5 x 10723, then E, is accepted
as the eccentric anomaly, EA. Otherwise, E  is replaced by

El, a new El is computed, and the iteration continues.

This is a standard Westinghouse routine which has been used locally

for several years,
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G. SUBROUTINE CEE (A1, A2, A3, XMAT)

PURPOSE:

To perform coordinate transformations

The routine performs a coordinate transformation based on the angles
Al, A2, A3 and returns the resulting 3 x 3 matrix, XMAT, to the

calling program. It is used to compute the matrixes C, HC, G, and

HG.
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H. SUBROUTINE EXTRA (B, HB, G, HG, SPRM, HSPRM, HSDP)

PURPOSE: To compute and write the error matrix.

The routine computes the error matrix,BT-HB , and outputs it along
with the matrix HB, During checkout, additional output was obtained
from EXTRA by means of the last five arguments in the calling

sequence. These arguments could now be dropped without introducing
any 111 effects.
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I. SUBROUTINE CHECK1

PURPOSE: To determine whether to use numerical integration or closed-form
solution for the transition matrix, whether to compute the B-matrix
check and the C-matrix check, and to perform preliminary calcula-

tions on the B-matrix and C-matrix check if they are to be computed.

The conditions are examined for the closed-form solution of the
transition matrix as well as for the B-matrix and C-matrix checks and the
corresponding switches are set accordingly., If the B-matrix check is to
be used, the matrix EM is computed for later use, If the criteria for the
C-matrix check are met, further calculations produce PSI11, PSI13, PSI2l,
PSI23.

If the C-matrix check is to be omitted, the reason for omission will
appear in the output. The interpretation of this reason may be found in
Section IV.

The variables required by this routine are contained in the named

COMMON regions GET, GIVE, and OMEGA.
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J. SUBROUTINE HELP

PURPOSE: To compute the closed form solution of the transition matrix,

If the closed form solution for PH is to be used, the necessary
partial derivatives are computed and used to calculate the transition matrix.
In either case, several other matrices are computed in this routine
in order to keep the size of the main program within the bounds of the compiler.
The variables required by this routine are contained in the named

COMMON regions GET, GIVE, OMEGA, and XCIN.
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SECTION III, Input

A1l input to the program is made from data cards which are expected

to be read from FORTRAN logical unit 5.

A, Makeup of Data Cards

Data Card #1
FIELD #1
FIELD #2
FIELD #3

FIELD #4

FIELD #5
FIELD #6

FIELD #7

Data Card #2
FIELD #1

FIELD #2

FIELD #3

FIELD #,

FIELD #5

012
00Z
oWz

OAPZ

OEZ
OTPZ

CTP

VI(1)

VI(2)

vI(3)

vQ

ViQ

Format 7F10.0
Orbital inclination angle

Longitude of ascending node

FEach case requires exactly 5 cards.

radians

radians

Argument of perigee in vehicle orbit radians

Semi-ma jor axis of orbit

Eccentricity of orbit

Time of perigee relative to
start time of simulation

Total duration of simulation

Format 7F10.0

Principal moment of inertia about
X-axis

Principal moment of inertia about
y-axis

Principal moment of inertia about
z-axis

Astronomical
units in sun
orbiter case .
Statute miles
in earth or-
biter case.

hours

kilogram-
meters
kilogram-
meters

kilogram-
hoterda

Displacement from center of pressure meters

to center of gravity

Vehicular elevation of the displace- radians

ment vector from c.p. to C.g.
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FIELD #6

FIELD #7

D Ca

FIELD #1

FIELD #2

FIELD #3

FIELD #4

FIELD #5

FIELD #6

FIELD #7

Data Card ﬁg
FIELD #1

FIELD #2

FIELD #3

FIELD #4
FIELD #5
FIELD #6
FIELD #7

VPQ

VAV

OBZD

OBYD

SIGZ

SIGW

SIGS

SIGB

TS0

21

22

23

WOl
W02
W03
FBO

Vehicular azimuth of the displacemei.
vector from c.p. to c.g.

Effective area of the vehicle

Format 7F10.0

Minimum allowable angle between sun
line and sensor slit for which a sun
sensor measurement will be allowed

Maximum allowable deviation from
right angle for which a sun sensor
measurement will be allowed

Standard deviation of initial angular
position uncertainty in each axis

Standard deviation of initial angular
rate uncertainty in each axis

Standard deviation of sun sensor error
uncertainty in each axis

Standard deviation of magnetometer
error uncertainty in each axis

Initial angular displacement of sun

beyond vernal equinox (applies only
to earth orbiter)

Format 7F10.0

Initial local Euler angle displacement
about roll axis

Initial local Euler angle displacement
about pitch axis

Initial local Euler angle displacement
about yaw axie

Initial angular rate about roll axis
Initial angular rate about pitch axis
Initial angular rate about yaw axis
Initial celestial longitude of the

earth's magnetic pole (applies only
to earth orbiter)

ITI-2

radians

square
meters

radians

radians

radians

radians/
second

radians
webers/
sq. meter

radians

radians
radians
radians

radians
radians
radians

radians




Data Card #5 Format 7110

B.

FIELD #1 NS Number of sun sensors (12 is the upper limit)
FIELD #2 M Total number of measurement intervals
FIEID #3 NZ =0 sun orbiter is similated
=1 earth orbiter is simlated
FIELD #, NT =0 +transition matrix computed under torque free
conditions )
=1 transition matrix computed with torques
included
FIELD #5 NRS Random number starter; must be a positive, odd
integer
FIELD #6 not used
FIELD #7 not used

Illegal Practices ~ There are several input conditions which will result
in erroneous results or will cause the program to halt. These inputs
usually involve unrealistic or contradictory combinations of parameters.
1) Program stops

a) Semi-major axis of orbit less than the radius of earth for an
earth satellite,

b) Nonrealisable combination of inertias (1., L, 13).
(See Reference 28 of Volume I)

2) Practices leading to erroneocus results

a) Nt = 0 with high spin rates causes an inaccurate transition matrix,

b) Significant oscillation angle rates with N, = 1. (See condition
7 of Appendix F, Volume I.)

¢) High eccentricity for a sun orbiter intraduces error in the
solar pressure calculation,
d) Either Wy or both4) , and b3 chosen equal to gero causes

inaccuracies in the closed form solution of the transition
matrix, The sero condition may be satisfactorily = ted
by giving the quantities a value on the order of 1074,
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C. Inputs for Sample Case - The following are the input quantities used
in obtaining the output seen in Section IV.

Col. 10 Col. 20  Col. 30 Col. 40 Col. 50 Col. 60  Col. 70

0. 0. 0. 4,000, 0. 0. 16666666
150. 200. 100, 0. 0. 0. 0.
1. 7854 .1 0001 .01  ,000001 o.
05 .03 QL  -.000049 .00122 000061 0.
12 20 1 1 101
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SECTION IV. OUTPUT
A1l output appears on the printer (FORTRAN logical unit 6). There
is no need for any operator action such as tape handling, on-line messages
or key-ins,
A. Normal output for every run
1) Inputs - The 33 input values are output and labeled, both with
their specific name and under the more general headings of ORBIT,
VEHICIE, OBSERVATION, STATISTICAL, INITIAL CONDITIONS, and CONTROL.
2) Initial conditions - Prior to entering the integration loop, the
initial values of several quantities are seen.
a) CROSI - Cross product of vectors POLI and VERI
b) POLI - Orbit pole unit vector in inertial coordinates
¢) VERI - Local vertical unit vector in inertial coordinates
d) SUNI - Unit vector along sunline in inertial coordinates
(for earth orbiter only)
e) MAGI - Unit vector along magnetic field in inertial
coordinates (for earth orbiter only)
£) CROSV - Cross product of vectors POLV and VERV
g) POLV - Orbit pole unit vector in vehicle coordinates
h) VERV -~ Local vertical unit vector in vehicle coordinates
i) SUNV - Unit vector along sunline in vehicle coordinates
(for earth orbiter only)
J) MAGV - Unit vector along magnetic field in wehicle
coordinates (for earth orbiter only)
k) XA - Actual position and velocity of the vehicle
1) X0 ~ Difference between actual and observed position and
velocity. Position components are initialised at every
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3)

interval for both actual and observed values. Thus, the

the differences in position are zero at the start of the

similation,

m) C-MATRIX CHECK OMITTED DUE TO XX - If the conditions for the

computation of the C-matrix check have not been met, the

number of the first test which failed appears in this message.

There are twelve such tests arranged in the following order:

i.
ii.
iv.
v.
vi,
vii.
viii.

xii,

Earth orbiter

Effective area of the vehicle equals zero

zi+z§+z§§_.01

|y Mol < 0.1 /1/—3?;

L >1,

§§,¢0

Fp=Q-35-% 5, 0

Fp, = F12 + 16 g, 33>0

zllg_ A2 Z13 < .13 Zal < A3 223 <.l
[, + 1, “3' < .01 (ry 299 + Ty Zyy)

la@ /L | < .01 (r; Z)3 + Tp Zyq)

Periodic readouts - The frequency of this type of output is

determined by the user and is equal to the duration of the

simulation in seconds (3600 times CTP) divided by the number

of iterations (M)

a) TIME - Number of seconds since start of simulation

M ~ Iteration count

GX, GY, GZ - Roll, pitch, and yaw angular displacement since

last interval

b) VERI - Current local vertical unit vector in inertial coordinates
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d)

1)

g)

h)

i)
3)

CROSV - Current cross product of vectors POLV and VERV, If
the C-matrix check has been computed, the fourth number on
this line represents the closed-form solution for the second
value in the cross product. Otherwise, it is set to sero.
POLV -~ Current orbital pole unit vector in vehicle coordinates.
If the C-matrix check has been computed, the fourth number

on this line represents the closed-form sclution for the
third component of the vector. Otherwlse, it is set to sero.
VERV - Current local vertical unit vector in vehicle
coordinstes, If the C-matrix check has been computed, the
fourth number on this line represents the closed-form solution
for the first component of the vector. Otherwise, it is set
to sero.

SUNV ~ Current unit vector along sunline in vehicle coordinates
(for earth orbiter only).

MAGV -~ Current unit vector along magnetic field in vehicle
coordinates (for earth orbiter only).

TRANSITION MATRIX - The 6 x 6 transition matrix appears under
the heading .

B-MATRIX - The 3 x 3 B matrix appears under the heading .
B-MATRIX CHECK - The 3 x 3 matrix appears under the heading.
If the B-matrix check has been computed, the matrix represents
the closed form solution for the B-matrix. In a torque free
case, it should equal the B-matrix; they should be
approximately equal when torques are present. The matrix is
set to sero if the computation of the B-matrix check has been

omitted.



ll-o

k)

1)

XA - Actual position and velocity of the vehicle, The two

numbers on the next line represent the magnitudes of the position

and velocity vectors.

XR - Square root of the diagonal elements of the 6 x 6

uncertainty covariance matrix. The two numbers on the next
line are the square root of the sum of the first three and
last three values on the above line,

XP - Errors in Euler angles and angular rates. Since these
are referenced to the coordinate frame corresponding to the
preceding interval, the Euler angle uncertainties take on a
meaning less significant than the off-diagonal terms of the
error matrix (to be discussed later in this section). The
two numbers on the next line are the magnitudes of the

position and velocity vector errors respectively.

Instrument readouts - This output occurs at every iteration for

each magnetometer which is in position with respect to the

magnetic field and for each sun sensor which is in position with

respect to the sunline. If no instrument is in position, this

type of output is omitted for the current iteration.

a)

b)

The first six lines are not labeled since they were originally

intended only for debug purposes but were later deemed useful,

They represent the 6 x 6 uncertainty covariance matrix,

INST. NO. = XX. For a magnetometer readout, instruments 1, 2,

and 3 indicate roll, pitch, and yaw respectively. The sun

sensors are arranged as follows:




—— ———

Rt ——

Instrument Number

Field of View Axis

Direction of Slit

b | + Roll Pitch
2 + Pitech Yaw

3 + Yaw Roll
4 - Roll Pitch
5 - Pitch Yaw

6 ~ Yaw Roll
7 + Roll Taw

8 + Pitch Roll
9 + Yaw Pitch
10 - Roll Yaw
11 ~ Pitch Roll
12 - Yaw Pitch

YA - In magnetometer readout, actual earth dipole flux density in
webers/sq. meter,

-~ In sun sensor readout, actual measured value of angle Y (defined
in Volume I).

NOTE: The first three sun sensor readouts are easily distinguished
from the magnetometer readouts because the value of YA for the
magnetometers is on the order of 10~ while its value for the
sun sensors normally ranges from 2.0 to 0.1,

H1A,H2A H3A- Partial derivatives of the observable with respect to the
rotational position state variables as computed from the actual
vehicle orientation. These three values currently appear in the
output as gero because the necessary calculations overloaded the
compiler. The equations msy be added as a subroutine at any time.



¢) MR - Random number used in the computation of the observed position

and velocity vectors.
YP ~ In magnetometer readout, predicted earth dipole flux density
in webers/sq. meter.
- In sun sensor readout, predicted measured value of angle Y.
H1,H2,H3 - Partial derivatives of the observable with respect to the
rotational position state variables as computed from the
predicted vehicle orientation.

d) XR - Same as the XR discussed above with the exception that it is
now computed from uncertainty covariance matrix, which is
updated after each instrument readout.

e) X0 - Difference between the actual and observed position and
velocity vectors. The two numbers of the next line are the
magnitudes of the position and velocity vector differences
respectively.

£f) W - Vector of optimum linear estimator coefficients.

End of Iteration - After each iteration, even when there was no

instrument readout, the following printout occurs;

a) HB-MATRIX - Observed orthogonal transformation from vehicle to

fixed inertial coordinates,

b) ERROR MATRIX - Product of B ' times HB.

NOTE: Since the observed transformation and the actual transformation

in this case are defined relative to the same inertial
reference, the error matrix contains the net effect of all

attitude errors present up to the current interval.

e m_a am

o —— ——— . t—



————

¢) The number that appears under the error matrix is the square

root of the sum of the squares of terms (1,2), (2,3), and (3,1)
of the error matrix where the first index is the row indicator
and the second is the column indicator.

B. Diagnostic Messages
The program checks for certain undesirable conditions and ocutputs

an explanatory message when one of these situations is detected. It then goes

on to the next case.

1) Errors caused by illegal input

2)

a) TEST = XXXX WHEN SR = XXXX, The current valus of TEST would
result in attempting to compute the square root of a negative
mumber, This erroneocus value can only occur when the semi-
major axis of the orbit (input variable OAPZ) is less than
the radius of the earth in statute miles.

b) INPUT MOMENTS OF INERTIA NOT REALIZABLE. The difference
between any two moments of inertia cannot be greater than the
third in a rigid body. The moments of inertia (inputs
VI(1), VI(2), VI(3) ) are printed ocut following the message.

Unrealistic trigonometric values

Several places throughout the program, an arccosine is calculated

from the computed value of a cosine, Clearly, these cosines

cannot be greater than 1, The following messages wers useful in
debugging the mathematical model as well as the program itself.

They have remained in the program in order to prohibit analysis

with meaningless data should some malfunction ocour.



a) N=XX, ILOOP = XXX, SL1U = XXX. N is the instrument number;
LOOP is the iteration ecount and SI1U is an intermediate
variable in the computation of YA (actual angle between sun
line and instrument ) and must be less than 1.

b) N=XX. IOOP = XXX, SLIN = XXX, ZETAS = XXX. N and LOCP are
as above; SLIN divided by ZETAS forms the cosine of YA and
must be less than 1.

¢) N=2XX. LOOP = XXX, SDPU = XXX. N and LOOP are as above;
SDPU is an intermediate value in the computation of YP
(predicted angle between sun line and instrument) and must
be less than 1,

d) N =XX, LOOP = XXX, SDPL = XXX, HZS.= XXX, N and LOCP are
as above; SDPL divided by HZS forms the cosine of YP and
must be less than 1.

e) TROUBLE IN ARCCOS. The cosine of "hv has been calculated to
be greater than 1 in subroutine CHECK1, In addition to the
message, the ten quantities that go into the computation
are also printed out.

3. If the integration routine cannot converge, a PDUMP results,
C. Output from Sample Case

The following pages contain a portion of the results generated
from the data cards listed in Section III. All the preliminary output is shown
as well as the periodic and instrument readouts from the first and last
(twentieth) iteration.
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APPENDIX A: GLOSSARY

The purpose of this glossary is to relate program names to the
engineering symbols defined in Volume I and to define those variables which are
introduced in the program itself. It is meant to contain all major parameters
of interest as well as most of the intermediate variables,

The Glossary in Volume I is referenced for all variables defined in
that volume. Section III of Volume II (Input) is referenced for the description

of all input quantities.



PROGRAM SYMBOL

A(1,d)
ABC
ABSI
ABETA
ACP

ALSC

ASCP
ASKH
ASKV
ASSP

ASUBK
ASUBM

ASP

B(I,J)

BBC

BBS

BCHK (I,J)
BCP

ENGINEERING SYMBOL DESCRIPTION
ai’ 3 Volume I
A, Cosine of w,T
Ag Sine of W, T
18] Magnitude of magnetic flux density
AY, Cosine of ( W4t +K ;)
- Angle between the angular momentum

vector and vector V

Cosine of angle between spin axis and
angular momentum vector as computed from
observed attitude (for transition matrix)

Sine of angle between spin axis and
angular momentum vector as computed from
observed attitude (for transition matrix)

a, Cosine of angle between spin axis and
angular momentum vector

Gch Angle between initial yaw axis and
angular momentum vector

Oy Angle between initial yaw axis and
vector V

ag Sine of angle between spin axis and
angular momentum vector

O Difference between Gy and Oeh

A Mean anomaly of satellite

AT Sine of (W, ¢+ xh)

a, Semi-major axis in meters

Bi, 3 Volume I

Bc Cosine of WeT

1 Sine of wg7T
B-check matrix

B! Cosine of (wpe = %x)

A-2




PROGRAM SYMBOL

BDUM(I,J)

EETA(T)
BETAP(I)
BSP
BTSP(I)
c(1,J)
CAHV
CAK
CAKH
CAPEZ
CCHKL
CCHK2
CCHK3
CHX(I)

CIC
CIS
COMC
COSAKV
CSUBB
CSUBH

CTHDS

CTHE
CTP

ENGINEERING SYMBOL

DESCRIPTION

Intermediate array used in the
computation of BDUM

Volume I

Volume I

Sine of (wg t—<;)

Volume I

Volume I

Cosine of v

Cosine of o

Cosine of Oeh

Eccentric anomaly

First term in the C-matrix check
Second term in the C-matrix check
Third term in the C-matrix check

Cosines of the observed position
state variables

Volume I

Volume I

Cosine of _n_b

Cosine of -

Earth magnetic field constant

Solar measurement sensitivity
constant

Time derivative of solar true
anomaly

Cosine of ©
Input



PROGRAM SYMBOL

CUBM [ag I ml]
cuc
CWS

D(L,9) Dy 3

DELA(TI)

DELBA(I)
DELF1(I)
DELF2(I)
DELG1(I)
DEIGR2(T)
DELG3(I)
DEIX(T)

DELL(T)

DELX1(T)
DELX2 (I)
DELX3(I)

EL(1,J) Ly |
3

EL1(I,J) L1 4
EM(1,J) M(1,J)

ENGINEERING SYMBOL

Al

DESCRIPTION

Earth magnetic field constant .
Cosine of (a% + eo)

Volume I

Volume I

Variebles of differentiation in
transition matrix derivation

Variables of differentiation in
transition matrix derivation

Variables of differentiation in
transition matrix derivation

Varisbles of differentiation in
transition matrix derivation

Varisbles of differentiation in
transition matrix derivation

Variables of differentiation in
transition matrix derivation

Variables of differentiation in
transition matrix derivation

Variables of differentiation in
transition matrix derivation

Variables of differentiation in
transition matrix derivation

Variables of differentiation in
transition matrix derivation

Variables of differentiation in
transition matrix derivation

Variables of differentiation in
transition matrix derivation

Volume I
Volume I

Intermediate array in the
computation of B-matrix check



PROGRAM SYMBOL

ETAZ
FG(I)

FS(I)
F1

Fo

F7N(I)
G(I,J)
GAM(T,J)
GNU(I,J)
HB(I,J)
HBTSP(I)
HC(T,J)

HCAPF(I,J)

HCAPN(T)

HCSUBH
HDUM(T)

HFG(I)

HFS(I)

ENGINEERING SYMBOL

[p]

A5

DESCRIPTION

Lower error limit for the
integration routine

Upper error limit for the
integration routine

Volume I

Scalar products in non-homogeneous
transition matrix derivation

Secalar products in non-homogeneous
transition matrix derivation

Intermediate variable in closed form
transition matrix solution

Intermediate variable in closed
form transition matrix solution

Storage array required by DICE
Volume
Volumne
Volume
Volume

Volume

- H H H -

Volume

Parameters in the observed equations
of motion

Volume I

Solar measurement sensitivity
constant using observed quantities

Intermediate array used in the
calculation of PP

Scalar products in non-homogeneous
transition matrix (computed from
ocbserved values)

Scalar products in non-homogeneous
transition matrix (computed from
observed values)



PROGRAM SYMBOL

HG(I,J)
HGAM(I,J)
HGNU(I, J)
HIA(I)

HH(TI)
HLOWF (I, J)

HSDP(I)
HSPRM(I)
HU

HWOL
HWOR
HWO3
HX(T)

HXD(I)

HZETAS

HZ1

HZ3

IORD

ENGINEERING
SYMBOL

[
poh a2 >
= [ ;.f:'r':

-

[ &9

| mad

-

> & = o>
R 2 -

> °E>
W

> a-L"{> '_,?4 >

>
NN I-'N

\ON>

DESCRIPTION

Volume I

Volume I

Volume I

Measurement sensitivities computed from
actual attitude (Actual computations
not in present program)

Volume I

Parameters in the observed equations of ‘
motion

Volume I

Volume I

Volume I

Observed angular rate about roll axis
Observed angular rate about pitch axis
Cbserved angular rate about yaw axis

Observed position and velocity state
variables

Derivatives of observed position and
velocity state variables

Sine of the observed angle, .t

Observed local Euler angle displacement
about roll axis

Observed local Euler angle displacement
about pitch axis

Observed local Euler angle displacement
about yaw axis

Index of the most widely varying dependent
variable

Order of integration

A-6




PROGRAM

NSUEB

NSUBC

NSuBM

NVAR
NZ

OAPZ
OBYD
OBZD

01z
00Z

OSA

ENGINEERING

SYMBOL

= o;zmz E

BZ

DESCRIPTION
Indicator of the reason for omission of
the C-matrix check
Magnetometer counter
Iteration counter

Control variable in the integration
routine

Input

Switch set in program
=1; use magnetometers
=R; skip magnetometers
Sun sensor index
Input

Input

=1; compute the B-matrix check
=2; omit the B-matrix check

=l; compute the C-matrix check
=2; omit the C-matrix check

=1; compute closed form transition matrix
=2; integrate to solve for the transition
matrix

Input

Number of dependent variables

Input

Input

Input

Input

Input

Input

Input

Spin rate as computed from observed state

A-T



PROGRAM

0SB

PH(I,J)
PHD(I,J)
PI

PM(I,J)
PMDUM(I, J)

PP(I,J)
PSIB
PSI2
PSII1
PSI13
PSI21
PSI23
PSUBC
PSUBP
PSUBS
PZ
Q(1)
QKB(I)

DESCRIPTION

Precession as computed from observed state
Input
Input

1;:, 2,2
2 +U3

Input
Transition matrix; Volume I
Derivative of transition matrix

Pi, to 16 significant digits
Volume I

Intermediate array used in the computation
of PM .

Volune
Volune
Volume
Volume
Volume

Volume

H H H H H H H

Volume
Cosine of Wt

Volume I

Sine of w,t-

Parameter of orbit
Volume I

Volume I

Dot product of K& and R



R(I)

RHO
RHOX(T)

RR(I,J)

‘RT1

RTR
R11
R13
R21
R23
R31
R33
AL
RA43
SAHV
SAK
SAKH

SDPL(I)
SDPU(I)

ENGINEERING
SYMBOL

Moe

E-Bnézw.:’mx A

DESCRIPTION

Cosine of )‘b

Intermediate array in the calculation
of the B-matrix check

A
Cosine of l«{) 3/ Z«Jyz

Sine of @/%z
Volume I _—
Random number
Volume I

Predicted state

Intermediate array in the computation
of the B-matrix check

Volume I

Volume I

Parameter in libration analysis
Parameter in libration analysis
Parameter in libration analysis
Parameter in libration analysis
Parameter in libration analysis
Paramster in libration analysis
Parameter in libration analysis
Parameter in libration analysis
Sine of .

Sine of oy

Sine of %eh

Dot product of Qn and L

Dot product of 'a'" and U



PROGRAM
SYMBOL

SHX(I)

SIC
SIGB
SIGS
SIGW
SIGZ
SOMC
SPRM(I)
SR
SSRL(I)
SSP(I)
STHE
SX(I)

SUF

TAU

TESL
TESR
TEST

THES

ENGINEERING
SYMBOL

[X8
H

DESCRIPTION
Sines of the observed position state
variables
Sine of io
Input
Input
Input
Input
Sine of /1
Volume I
Volume I
Volume I
Volume I
Sine of ©
Sines of the position state variables
Sine of (ué + eo)
Duration of simulation in seconds
Interval between measurements

Intermediate variasble used in several
calculations

Intermediate variable used in several
calculations

Intermediate value used in the test for

shadow

Intermediate value used in the test for

shadow

Intermediate value used in the test for

shadow

Volume I
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PROGRAM
SYIMBOL

THETA
THETAL

TS0

UA(L,J)
VAV
V(1)

VDP(I)
VI(T)
VLQ
VPQ
vQ

w(I)
WDUM(T)

WSAP
WSBP
WSUBP
WOl

ENGINEERING
SYMBOL

m~-1

80

DESCRIPTION

Volume I
Volume I

Time;independent variable in the
integration

Box C entry time; see Volume II,
Section II, B

TInput

Time at perigee in seconds (relative to
reference time at start of simulation)

Volume I
Volume I
Input

Vector about which the angular momentum
p1etesses

Vector V in vehicle coordinates

Input

Input

Input

Input

Magnitude of the cross product of V and H
Volume I

Intermediate array used in the
computation of W

Volume I
Volume I
Volume I
Input
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PROGRAM
SYMBOL

weR
wo3
x(1)
xn(1)

XDIFF(I)

XIC
YA
YP
YOUC
YOUF
ZB11
ZB13
ZB2]
ZRR3
ZE1

ZE3
ZETAS

ZsQ
z1
22
Z3

ENGINEERING

SYMBOL

\NES

>l-<

11

N N NN

DESCRIPTION

Input
Input
Position and velocity state variables

Derivatives of position and velocity
state variasbles

Difference between actual and observed
position and velocity

Cosine of limiting plane angle,f
Actual value of observable
Predicted value of observable
Cosine of (w°+e)

Sine of (w,+ ©)

Parameter in libration analysis
Parameter in libration analysis
Parameter in libration analysis
Parameter in libration analysis
Volume I

Volume I

Volume I

Sine of Y

Mean for the computed random numbers
ZE? for symettric vehicle

Input

Input

Input

A-12



APPENDIX B:  Program Listings
Due to the volume of the listings, this table of contents is provided
as an aid in finding the listing of any particular routine.

Main Program .« « ¢ ¢ « o ¢ ¢« B2

DICE e e s o e e s B19
DINTEG « e e« e e e e+ B23
UDRNRT e o o o 0o s o« B28
ECCAN e e o o0 s o s B29
CEE e e e o e é e e B30
EXTRA e e o e 0 e e B3l
CHECK1 e o o0 e e e B3R
HELP e e e o0 e e s B3I7
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